We report on a systematic experimental study on the chlorination of monatomic silicene layer on Ag(111) by scanning tunneling microscopy. Monolayer silicene on Ag(111) can form 4×4, (Ý13×Ý13)R ± 13.9°, and (2Ý3×2Ý3)R30°reconstructions due to their different buckling configurations. We found that at low dosage, Cl atoms attach to the upper buckled Si atoms without changing the buckling configuration of the silicene monolayer. However, at high coverage, the global buckling configuration will be significantly changed, resulting in new ordered structures. Interestingly, all monolayer silicene structures, regardless of their initial reconstructions, tend to form a local silicene 1×1 structure at the saturation coverage. The mechanism for chlorination of monolayer silicene is explained.
I. INTRODUCTION
Silicene, a honeycomb structure of silicon in analog to graphene, has been experimentally realized on a number of substrates, including Ag(111) [1] [2] [3] [4] [5] [6] , ZrB 2 (0001) [7] , Ir(111) [8] , and MoS 2 (0001) [9] in ultrahigh vacuum. Moreover, a demonstration of monolayer silicene device based on silicene grown on Ag(111) has been reported recently by Tao et al. [10] . However, there are still many challenging issues before any real device applications of silicene can be achieved. These include the search for nonmetallic substrates and solutions for surface protection and tuning the interaction between silicene and the substrate in order to preserve the Dirac electron state of pristine silicene. Other attractive topics in this field include multilayer silicene, which is expected to have better stability and chemical inertness than monolayer silicene [11] [12] [13] . In addition, germanene and stanene that are composed of other group-IV elements, Ge and Sn, have also attracted much attention recently [14] [15] [16] [17] . These are expected to have increased spin-orbit-coupling strength and thus more intriguing spintronic properties.
For two-dimensional (2D) materials, an attractive feature is that all the atoms of the materials are exposed on the surface, and thus tuning the structure and properties by surface treatments becomes straightforward. For example, it has been reported that hydrogenation can induce gap opening at the Dirac point in graphene [18] . It is notable that in silicene, Si atoms have mixed sp 2 /sp 3 hybridization; therefore the adsorption of foreign atoms on silicene would be easier to control than purely sp 2 hybridized graphene. There have been quite a number of theoretical studies on the hydrogenation and halogenation of silicene and germanene in the literature [19, 20] , while, experimentally, only the hydrogenation of silicene has been studied recently [21] . Compared with hydrogen, halogens interact with silicon more strongly; thus halogenation of monolayer silicene is expected to induce a larger gap and better inertness of the halogenated silicene in ambient condition [19, 22, 23] . Moreover, it is interesting that a recent theoretical work by Wang and Liu [24] indicated * khwu@iphy.ac.cn that halogenation of the Si(111) 7×7 surface into a Ý3×Ý3 superlattice will generate a Dirac surface state. However, so far there has still been no experimental report on the halogenation of silicene.
In this work we report on a systematic scanning tunneling microscopy (STM) study on chlorination of monolayer silicene on Ag(111), with initial surface reconstructions including 4×4, (Ý13×Ý13)R13.9°, and (2Ý3×2Ý3)R30°phases, which are the most typical monolayer silicene phases found on Ag(111). We found that at low coverage, chlorine atoms adsorb on the upper buckled Si atoms without changing the buckling configuration of the silicene lattice, whereas at high coverage the buckling configuration will change, and new ordered structures as well as ordered defect patterns form. The models of these structures and defect patterns are explained in detail based on STM observations. Our work provides a comprehensive picture of silicene chlorination. The thus obtained chlorinated silicene, which can be regarded as 2D silicene derivatives, might be potentially useful to protect silicene or to tune the electronic state of silicene for device applications.
II. EXPERIMENTS
Our experiments were carried out in a home-built ultrahigh vacuum system (1×10 −10 mbar) equipped with a low-temperature STM and a molecular beam epitaxy system. Single-crystal Ag(111) was used as the substrate. A clean Ag(111) surface was prepared by standard Ar + ion sputtering and annealing at 900 K. Si was deposited from a silicon wafer heated to about 1300 K. Monolayer silicene of different phases was prepared by depositing Si at different substrate temperatures. For example, coexisting 4×4 and (Ý13×Ý13)R ± 13.9°phases were prepared at a substrate temperature of 470 K, while a pure (2Ý3×2Ý3)R30°phase was prepared at 520 K. The chlorination of silicene was performed by exposing the samples to a Cl 2 /Ar mixture gas (Cl 2 /Ar = 2%, total pressure 2×10 −3 Pa) at room temperature. Different exposure times were used for different Cl doses. In order to enhance the efficiency of chlorination, we also used a hot tungsten wire (about 2000 K) to crack the Cl 2 gas in some experiments. All our STM measurements were carried out at liquid-nitrogen temperature (77 K) in a constant current mode, with the bias voltage was applied to the tip.
III. RESULTS AND DISCUSSION

A. The 4×4 reconstruction
The 4×4 phase [with respect to Ag(111) 1×1] is the simplest phase among all monolayer silicene superstructures on Ag(111) [1] . The unit cell involves a 3×3 silicene supercell placed on the Ag(111) 4×4 supercell. There are two types of 4×4 phases, namely, α and β [25] . The α phase is the majority, whereas the β phase is the minority, found only around the boundaries between α domains. The structure models of α and β 4×4 are shown in Figs. 1(b) and 1(c), respectively. In each 4×4 unit cell of the α phase, there are two symmetric half unit cells (HUCs), each consisting of three upper buckled Si atoms. In contrast, in the 4×4 β phase the two HUCs are asymmetric, one with six upper buckled Si atoms and the other with only one upper buckled Si atom [25] . It should be emphasized that both the α and β phases correspond to the same silicene honeycomb lattice placed on top of Ag(111). The difference between them is simply due to different buckling configurations. It is known that in free-standing silicene, there are two sublattices, one consisting of upper buckled Si atoms and the other of lower buckled Si atoms. However, the buckling configuration will spontaneously rearrange once monolayer silicene is placed on a Ag(111) substrate. For example, in the 4×4 α phase the upper buckled Si atoms (red) in the two HUCs now belong to two different sublattices. structure, as shown in Fig 2(c) . The topographic height of the Cl atoms is 40-65 pm above the clean silicene surface, which shows very little change with tip bias ranging from 0.5 V to −0.6 V. However, the height measured by STM may be affected by the different electronic states on top of the Cl atom and on the Si atoms and does not necessarily correspond to the real height of the Cl atoms.
Increasing Cl atoms to a saturation dosage, we observed the transformation of the 4×4 α silicene to a flat surface containing ordered domains with different types of superstructures, as illustrated in Fig. 3 . Several typical areas with ordered structures were highlighted by rectangles I-IV. The structures in areas I and II are similar to the fully hydrogenated silicene 4×4 structure reported previously: six bright spots in one HUC and one bright spot in another HUC [21] . In the case of hydrogenated silicene, the structure corresponds to the silicene 4×4 β structure with all the upper buckled Si atoms terminated by H atoms. The transformation from 4×4 α to 4×4 β upon hydrogenation is due to the H-induced strain effect [21] . We propose a similar structure model of the chlorinated silicene structures in I and II, as shown in Figs. 4(a) and 4(b) , respectively. The configuration consists of six upper buckled Si atoms in in one HUC and one Si in another HUC, all of them terminated by Cl atoms. In another word, it is a silicene 4×4 β structure with all upper buckled Si atoms terminated by Cl atoms. It is noted that areas I and II correspond to the same structure, but the orientation of the triangular HUCs is flipped. This is because in 4×4 α silicene, the two HUCs are equivalent, with both having three upper buckled Si atoms. In contrast, in the 4×4 β phases the two HUCs become inequivalent. As a result, when the transformation from 4×4 α to the inequivalent 4×4 β occurs, there will be two possible configurations, which are mirror symmetric with respect to each other, as in areas I and II.
In areas III and IV, one observes local triangular domains consisting of close-packed protrusions in a 1×1 periodicity. Correspondingly, the fast Fourier transformation (FFT) of the STM image shows a sharp 1×1 pattern. The observation of a 1×1 structure indicates that the pristine silicene 1×1 lattice is recovered by Cl adsorption. In pristine silicene 1×1, one sublattice contains upper buckled Si, and the other contains lower buckled Si atoms. We propose that all the upper buckled Si atoms are terminated by Cl atoms, as illustrated in Fig. 4(c) . Because during the transformation from 4×4 α to 1×1 the system can choose either one of the two sublattices as the upper buckled sublattice, there will also be two mirror-symmetric 1×1 domains. This is indeed observed in our experiment, as shown in Fig. 4(d) . We found two triangular 1×1 domains, relatively shifted by half of the lattice constant of silicene 1×1, which is the lateral shift between the two sublattices.
The mobility of Cl atoms during the phase-transition process is an interesting issue. Initially, when the Cl coverage is low, they tend to adsorb individually on top of the upper buckled Si atoms in the 4×4 α unit cell. When all six upper buckled Si atoms in each 4×4 UC are terminated by Cl, further insertion of Cl atoms on the surface will cause the rearrange- ment of the buckling configuration, from six upper buckled Si atoms per UC (α phase) to seven upper buckled Si atoms per UC (β phase). Therefore one more Cl atom can be inserted on a 4×4 UC to reach the (almost) saturated Cl coverage. During this transition, some Cl atoms should adjust their adsorption sites. One can understand such mobility from two aspects: First, a Cl atom is only required to move to a neighboring Si atom, which is relatively easy since the Si-Si bond length is only 2.35Å. [For comparison, in the case of Si(111) 7×7, the Cl atom is adsorbed on Si adatoms. The hopping of a Cl atom from one Si adatom to another Si adatom involves a distance of 11.9Å, which is far more difficult.] Second, the movement of Cl atoms is accompanied by the change of buckling. Suppose there is an initially upper buckled Si atom with one Cl atom on top; when it becomes lower buckled, it spontaneously releases the Cl atom to its neighboring Si atom, which is now upper buckled. The hopping of the Cl atom may even gain energy from the lattice relaxation due to the rearrangement of buckling and may occur without much difficulty.
B. The Ý13×Ý13 reconstruction
The second silicene phase studied for chlorination is the (Ý13×Ý13)R ± 13.9°phase [4, 5] , in which a silicene Ý7×Ý7 supercell is superimposed on a Ag(111) Ý13×Ý13 supercell, as shown in Fig. 5 . In STM images, this phase shows vortexlike patterns with various vortex densities in different domains. Previous studies have suggested various atomic structure models of the Ý13×Ý13 reconstruction [4] [5] [6] 26, 27] , while recent work by Liu et al. gives a convincing picture of the atomic structure and vortexlike patterns of the Ý13×Ý13 phase [25] . Figure 5 (a) shows two typical Ý13×Ý13 structures with different vortex patterns. Basically, the structure can be characterized by a vortex core surrounded by six triangular Ý13×Ý13 domains. The unit-cell directions in neighboring domains are rotated by an angle of 60°. It should be emphasized again that the whole surface is a complete and continuous honeycomb silicene lattice. The appearance of these vortex pattern is solely due to the rearrangement of the buckling configuration of silicon atoms. Figure 6 (a) shows a typical STM image of the fully chlorinated silicene Ý13×Ý13 phase. Two characteristic features can be revealed. First, the majority of the surface has been transformed into a close-packed 1×1 structure. Second, many defect sites occur on the surface. Interestingly, most defects are arranged periodically. The FFT of the STM image reveals both 1×1 and Ý7×Ý7 patterns (with respect to silicene 1×1), corresponding to the 1×1 protrusions and periodically arranged defects. Most defects appear as a single dark site, which we call the monomer defect. There are also two-atom and three-atom defects, as marked in Fig. 6(d) , which we refer to as dimer and trimer defects. In particular, the trimer defects are quite numerous on the surface, and they can be locally arranged in a compact Ý7×Ý7 periodic pattern, as shown in Fig. 6(e) . In the following we will discuss the 1×1 structure and the defects in detail.
The fact that the entire surface can be transformed to 1×1 proves that the Ý13×Ý13 phase is a continuous silicene sheet. The vortex and domain structures in the original surface are only associated with buckling patterns, which can be rearranged to 1×1 by Cl adsorption. The atomic model of the chlorinated silicene 1×1 structure, including the Ag(111) substrate, is depicted in Fig. 6(f) . Here the unit cell is marked as a white rhombus including a silicene Ý7×Ý7 supercell overlapped by a Ag(111) Ý13×Ý13 supercell. One of the honeycomb sublattices, the red one in Fig. 6(f) , is upper buckled. All the Si atoms in this sublattice are terminated by Cl atoms. Correspondingly, the yellow Si sublattice is lower buckled. It is noticed that at the corner of the rhombus unit cell, there is a lower buckled Si atom which sits right on top of an Ag atom. This Si atom should be less stable since it has a tendency to pop up. As a result, the three Si atoms surrounding the corner Si atom less readily adsorb Cl atoms on top. If one of the three Cl atoms is missing, there will be a monomer defect in this position, as shown in Fig. 6(c) . This is the reason why monomer defects are arranged in a periodic Ý7×Ý7 pattern. If two or three Cl atoms are missing, dimer or trimer defects will appear. Note that in the trimer-defect case, the corner Si atom pops up and becomes upper buckled, with one additional Cl atom adsorbed on top of it. As a result, the center of the trimer defect will become as bright as the other 1×1 Cl sites. The trimer defects are also arranged in a Ý7×Ý7 pattern due to the position relation between silicene and the substrate, as shown in Fig. 6(e) . We note that the monomer defects and trimer defects are much more numerous than the dimer defects, which may be due to the better symmetry of the former two types of defects, which makes them energetically more stable.
C. The 2Ý3×2Ý3 reconstruction
The last silicene phase in our study of chlorination is (2Ý3×2Ý3)R30° [3, 5] , which involves a silicene Ý7×Ý7 supercell placed on a Ag(111) 2Ý3×2Ý3 supercell, with a rotational angle of 30°, as shown in Fig. 7(c) . Compared with 4×4 and (Ý13×Ý13)R ± 13.9°, (2Ý3×2Ý3)R30°is the most disordered and defective phase. The surface is characterized by a moiré-like pattern, as shown in Fig. 7(a) [3, [28] [29] [30] . Each bright region consists of a few ordered hexagonal rings [ Fig. 7(b) ], corresponding to the (2Ý3×2Ý3)R30°s uperstructure, as depicted in Fig. 7(c) . However, the regions between the bright regions appear defective and disordered, and the exact atomic structure model of these regions is still unclear. Different from the other phases which usually coexist with each other, the (2Ý3×2Ý3)R30°can exist as a single phase covering the entire Ag(111) substrate, and thus it is particularly interesting for possible device applications.
After chlorination at saturation Cl coverage, the surface transforms to a locally ordered silicene 1×1 structure, as shown in Fig. 8(a) . This is similar to the hydrogenation of the silicene (2Ý3×2Ý3)R30°phase, which also results in an ordered silicene 1×1 [31] . The production of a pristine silicene 1×1 lattice by hydrogenation and chlorination proves that the original (2Ý3×2Ý3)R30°phase consists of a complete silicene honeycomb lattice. The apparent defective area in this phase is caused by the disorder in the buckling configuration instead of in the lattice.
Carefully inspecting the defect features, one can also distinguish three types of defects: monomer, dimer, and trimer, where the trimer defects appear as a regular triangle with a bright center. Moreover, a certain degree of ordering can be found in the arrangement of the defects, which can also be revealed by the FFT pattern, showing clear 1×1 and Ý7×Ý7 patterns with respect to the silicene 1×1 lattice. We can understand the formation mechanism of these defects like in the Ý13×Ý13 case. The atomic model of the chlorinated silicene 1×1 lattice was depicted in Fig. 8(b) . One of the honeycomb sublattices, marked by red in Fig. 8(b) , is upper buckled. All the Si atoms within this sublattice are terminated by Cl atoms and form a chlorinated silicene 1×1 lattice. Correspondingly, the other sublattice, marked by yellow, is lower buckled. It is noticed that in the unit cell, there is a lower buckled Si atom which sits right on top of a Ag atom [marked by the white circle in Fig. 8(b) ]. This Si atom should be less stable in the lower buckled configuration since it has a tendency to pop up. As a result, there is a tendency for the three surrounding Si atoms to not adsorb a Cl atom since Cl adsorption would further increase the degree of buckling. Similar to those in the case of the Ý13×Ý13 phase, the monomer, dimer, and trimer defects were generated when one, two, and three Cl atoms were missing, respectively.
It is also notable that although the chlorination of both silicene Ý13×Ý13 and 2Ý3×2Ý3 results in 1×1 structures, the chlorinated 2Ý3×2Ý3 surface appears significantly more defective than the Ý13×Ý13 case. The reason can be understood as follows. The adsorption of a Cl atom on top of an upper buckled Cl atom will pull the Si atom farther outward and thus increase its degree of buckling, similar to the adsorption of H on silicene [31] . As a result, adsorption of both H and Cl will increase the compressive stress in the silicene film. On the other hand, the lattice mismatch between silicene and the Ag(111) substrate is different for different silicene phases. In the 2Ý3×2Ý3 phase, the silicene lattice is compressed, while in both 4×4 and Ý13×Ý13 phases, the silicene 1×1 lattice is expanded by the Ag(111) substrate [the mismatch between lattice parameters: silicene Ý7×Ý7/Ag(111) 2Ý3×2Ý3 1.02, silicene Ý7×Ý7/Ag(111) Ý13×Ý13 0.98, silicene 3×3/Ag(111) 4×4 ≈ 0.997]. This means that the adsorption of Cl on 4×4 and Ý13×Ý13 phases is preferable because it helps to compensate for the tensile stress and restore the silicene 1×1 lattice. In contrast, adsorption of Cl on silicene 2Ý3×2Ý3 would result in further compression of the silicene 1×1 lattice, thus making it more unstable. We suggest that this is the reason why the chlorinated 2Ý3×2Ý3 phase is more defective, with more missing Cl atoms.
Finally, we would like to compare the chlorination of silicene with the chlorination of the Si(111) 7×7 surface since the latter system has been well understood in the literature [32] [33] [34] . A common feature in both systems is the formation of the Cl-saturated, 1×1 surface structure. The main difference is that the Si(111) 7×7 reconstruction involves three atomic layers in a complex dimer-adatom-stacking fault (DAS) structure. The direct adsorption of Cl on Si(111) 7×7 will induce significant mass transport of Si atoms, including the breaking of the Si adatom back bonds [32] . The mass transport generally results in a rough surface instead of a well-defined Si(111) 1×1 Cl surface. Alternatively, a perfect Si(111) 1×1 Cl surface can be produced by a two-step process, which includes first obtaining a Si(111) 1×1 H surface by chemical wet etching and then replacing H with Cl by gas adsorption in UHV at room temperature [33] . This indicates that although the Si(111) 1×1 Cl is a stable phase, it is still important to control the dynamic process in order to achieve a perfect Si(111) 1×1 Cl surface. In contrast, in the case of silicene, all the Si atoms are located in a buckled honeycomb plane, and mass transport of Si atoms does not occur during Cl adsorption. This makes it a natural result to form a Cl-terminated 1×1 surface, similar to the chlorination of the hydrogen-terminated Si(111) 1×1 H surface.
In our experiment, we performed chlorination of the Si(111) 7×7 surface under the same conditions as for the chlorination of silicene. However, we found that chlorination of the Si(111) 7×7 surface under the same conditions usually results in a rough surface with only small pieces of Si(111) 1×1 Cl domains. In contrast, chlorination of silicene can result in a smooth surface with local 1×1 Cl domains. This demonstrates an obvious advantage of using silicene as the initial surface to produce functionalized silicene materials, for example, the possible Dirac surface state in halogenated Si(111) predicted by Wang and Liu [24] . The specific electronic structure of our chlorinated silicene is still under investigation.
IV. CONCLUSION
In summary, the chlorination of monolayer silicene with 4×4, (Ý13×Ý13)R ± 13.9°, and (2Ý3×2Ý3)R30°phases was systematically studied by STM. Chlorine atoms are found to adsorb on the top of the upper buckled Si atoms at low coverage, while at high coverage the global buckling configuration of silicene will be rearranged. After rearrangement the upper buckled Si atoms will be terminated by Cl atoms. It is interesting that at the saturation coverage, there is a trend to form locally a 1×1 lattice of pristine silicene regardless of the initial reconstruction of monolayer silicene. The thus obtained chlorinated silicene, as 2D silicene derivatives, may find future application in Si-based devices.
